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Introduction {#sec1}
============

The transition from stage 2 to stage 3 is a fundamental step during neuronal development, which determines neuron polarization in culture ([@bib10]). At stage 2, neurons are characterized by multiple neurites with a similar length. A growth advantage of one of the neurites over the others defines the transition to the stage 3 in which the axon starts to form. It has been shown that cytoskeletal remodeling such as local microtubule stabilization play a fundamental role in this process ([@bib21]). However, the external signals responsible for this growth advantage are not yet completely understood. The Wnt family of proteins are known regulators of a broad spectrum of developmental processes ([@bib1]). Wnt proteins form instructive gradients within the central nervous system and have a fundamental role in maintaining progenitor cells and granting neurogenesis ([@bib24]). Furthermore, Wnt is a known regulator of cell polarity and has also been shown to be a symmetry-breaking factor in proliferating cells ([@bib15]). Clustering of canonical Wnt ligands at the plasma membrane can trigger the outgrowth of cell protrusions during neural plate patterning in zebrafish ([@bib29]).

Wnt3a is the best characterized canonical Wnt ligand with a fundamental role in the specification of the hippocampus ([@bib22]); therefore, we focused our attention in this study on Wnt3a as a representative for canonical Wnt proteins. We hypothesize that canonical Wnt signaling is involved in the early stages of symmetry breaking and axon outgrowth in hippocampal neurons.

Results and Discussion {#sec2}
======================

Wnt Signaling Is Active in the Axon {#sec2.1}
-----------------------------------

We first examined localization of endogenous Wnt3a at different neuronal stages. As shown in [Figure 1](#fig1){ref-type="fig"}A, Wnt3a accumulates in one of the neurites of stage 2 neurons (48% of neurons analyzed; n = 27) and later on localizes to the longest neurite, i.e., the future axon of stage 3 (76% of the neurons; n = 21) and stage 4 (60% of the neurons; n = 20) neurons. To verify the specificity of the Wnt3a antibody staining we performed immunofluorescence in neurons overexpressing Wnt3a, Wnt5a, and Wnt8b and found that it specifically detects Wnt3a ([Figure S1](#mmc1){ref-type="supplementary-material"}A). To verify that Wnt indeed localizes at the axon, we performed a co-staining with Tau, a microtubule-binding protein that serves as axonal marker ([Figure S1](#mmc1){ref-type="supplementary-material"}B). A model proposed for symmetry breaking is the "local activation model," in which a local signal is necessary and sufficient to induce axonal outgrowth ([@bib18]). The asymmetric distribution of Wnt3a in early stages of neuronal development ([Figure 1](#fig1){ref-type="fig"}A) fits the local activation model, suggesting a role of canonical Wnts in polarity establishment. Thus, we analyzed whether the accumulation of Wnt proteins also leads to a local activation of the canonical Wnt pathway. One of the first molecular events occurring during the activation of canonical Wnt signaling is the clustering of the co-receptor Lrp6 at the site of Wnt activation, leading to the formation of Wnt signalosomes ([@bib7]). We analyzed whether Wnt signalosomes form at the growing axon. Owing to the toxicity of Lrp6 when transfected at earlier stages, we transfected neurons at day *in vitro* (Div) 3 with an Lrp6-GFP construct and stained for the endogenous Wnt3a. The Wnt (co-) receptors Lrp6 and the receptor Frizzled-5 (Fz5) were evenly distributed in the cell. Co-localizations between Wnt3a and Lrp6-GFP, considered to be *bona fide* Wnt signalosomes, were found in the proximal axon ([Figure 1](#fig1){ref-type="fig"}B). Some Wnt signalosomes could also be observed in dendrites ([Figures S1](#mmc1){ref-type="supplementary-material"}C and S1D). To know whether signalosome formation was Wnt dependent we examined the local dynamics of signalosomes at the axons. We imaged Lrp6-GFP at Div4 in control neurons and neurons that were treated with Wnt3a conditioned medium for 30 min. We detected enhanced signalosome formation, as demonstrated by Lrp6 punctae of increased size, whereas the total number of punctae did not change ([Figures S2](#mmc1){ref-type="supplementary-material"}A--S2C). In addition, live imaging showed a higher turnover of Lrp6 punctae in Wnt-treated neurons compared with control neurons ([Figures S2](#mmc1){ref-type="supplementary-material"}D and S2E, new punctae red arrowhead, disappearing punctae blue arrowhead). These results indicate that Wnt3a enhances the formation of Wnt signalosomes to promote Wnt activity in the axon. Wnt signaling leads to the inhibition of Gsk3β by phosphorylation ([@bib11]). As Wnt signalosomes could be observed in the axon as well as in dendrites, we wanted to clarify whether activation of canonical Wnt signaling is specific to the axon. Indeed, we detected the inactive, phosphorylated form of Gsk3β in stage 4 neurons by immunofluorescence and found that Gsk3β is specifically inhibited in the axon, where Wnt3a is also localized ([Figure 1](#fig1){ref-type="fig"}C). When the Wnt signaling pathway is inhibited, by means of inhibiting its endogenous secretion in the culture by Iwp-2 or by inhibiting its activation of Lrp6 with Dkk1 ([@bib3]) this local Gsk3β inhibition is lost ([Figure S2](#mmc1){ref-type="supplementary-material"}F). These results indicate that Wnt3a accumulation in the growing axon activates intracellular downstream signaling of the canonical Wnt pathway.Figure 1Enrichment of Wnt3a at the Growing Axon and a Local Activation of the Pathway Regulate Axonal Formation(A) Endogenous Wnt3a expression at stages 2, 3, and 4 of neuronal development. Neurons were fixed at the indicated time points and stained with an antibody against Wnt3a (magenta). Neurons were counterstained with Phalloidin (actin filaments; green) and DAPI (nuclei; blue) (left side: merged picture; right side: inverted gray-scale channel of the endogenous Wnt3a expression \[scale bar, 10 μm\]).(B) Left side: Schematic representation of a Wnt signalosome. Wnt binding induces clustering of Wnt ligands and its receptors Frizzled and LRP6. Right side: Neurons were transfected with Lrp6-GFP at Div3, fixed at Div4, and stained for the endogenous Wnt3a. Arrows indicate clustering and co-localization of Lrp6 (green) with Wnt3a (magenta) at the axon (scale bar, 10 μm).(C) Gsk3β inactivation in the axon of stage 4 neurons. Neurons were fixed at stage 4 and subjected to an antibody staining against an inactivated form of Gsk3β (phospho-Gsk3β magenta). Neurons were counterstained with Phalloidin (actin filaments; green) and DAPI (nuclei; blue) (left side: merged picture; right side: inverted gray-scale channel of the phospho-Gsk3β signal) (scale bar, 10 μm).(D) Neurons were co-transfected with GFP (to identify transfected neurons) and either an empty vector as a control (left panels) or an expression vector containing Wnt3 (right panels) at Div0. Neurons were either left untreated (upper panel) or treated with Taxol (10 nM, lower panel) at Div1. Neurons were fixed at Div 4 and stained for AnkG. Pictures on the left side show an overlay of GFP (green), AnkG (axonal initial segment; red), and DAPI (nuclei; blue). Pictures on the right show the inverted gray scale of the AnkG staining (scale bar, 10 μm). Red arrowheads indicate axons.(E) Bar graph representing the average number of axons per neuron, determined by the number of axonal initial segments per cell (n = 20 \*\*\*p \< 0.0001, mean (S.E.M) values are shown).

As endogenous Wnt3 accumulates and activates downstream signaling at the axon, we examined whether mislocalizing Wnt by its overexpression affected neuronal polarization by altering the formation of a single axon per neuron, a hallmark of hippocampal neuron polarity establishment ([@bib10]).

To this aim, we transfected neurons at Div0 either with a Wnt3 construct or the corresponding empty vector as a control. In both cases a GFP-expression construct was co-transfected to identify transfected cells. We fixed the neurons at Div4 and performed immunostaining for Ankyrin G (AnkG), a protein that is specifically localized in the axonal initial segment (AIS), to count the number of axons per neuron. As a positive control, neurons were treated with Taxol, a microtubule-stabilizing drug that induces multiple axons formation ([@bib32]). The majority of neurons in the untreated control group developed only one axon per neuron. By contrast, neurons transfected with Wnt3 showed formation of multiple axons (on average 1.74 per neuron, n = 20) ([Figures 1](#fig1){ref-type="fig"}D and 1E). In neurons developing more than one axon under Wnt3a over-expression and Taxol treatments, AnkG was less concentrated in the AIS region of the axon and was more diffused along it ([Figure 1](#fig1){ref-type="fig"}D, depicted by red arrowheads). These results clearly indicate that Wnt overexpression interferes with neuronal polarization. Consistently, the intensity profile along the proximal axon of both AnkG and Trim46, another AIS protein, was lower in Wnt-overexpressing neurons compared with control neurons. These findings suggest a Wnt induced re-distribution of AIS proteins, most probably caused by the mislocalization of the Wnt signaling activity ([Figures S2](#mmc1){ref-type="supplementary-material"}G--S2J). The effect of Wnt3 on neuronal polarity was not as strong as the effect of direct microtubules stabilization by Taxol, which resulted in an average of 3.51 (n = 20) axons per neuron ([Figure 1](#fig1){ref-type="fig"}E). A combination of Wnt3 overexpression and Taxol treatment did not further increase the axon multiplicity, suggesting that Wnt and Taxol promote axon formation via a similar mechanism.

Wnt Is Required for Establishment of Neuron Polarity {#sec2.2}
----------------------------------------------------

Wnt ligands are secreted, lipidated glycoproteins. In the Wnt-producing cell, Wnt is lipid-modified by Porcupine in the ER, an essential step for its further transport and secretion outside the cell ([@bib4], [@bib6], [@bib14], [@bib20], [@bib30], [@bib35]) ([Figure 2](#fig2){ref-type="fig"}A). As we observed formation of multiple axons upon Wnt treatment, we further investigated the requirement of Wnt3a in neuronal polarity by inhibiting endogenous Wnt secretion with lwp-2, a specific inhibitor of Porcupine. We treated neurons at Div0 with lwp-2 and analyzed the localization of Wnt3a at Div4. In the control condition, endogenous Wnt3a localize to the cell body with enhanced levels in the axon ([Figure 2](#fig2){ref-type="fig"}B, left panels, overview; right panels, zoom-in cell body and axon). In Iwp-2-treated neurons, Wnt3a accumulates in the cell body and is depleted from the longest neurite ([Figure 2](#fig2){ref-type="fig"}B). Interestingly, we observed drastic mislocalization of Tau in Div2 neurons, without clear demarcation of the axon ([Figures 2](#fig2){ref-type="fig"}C and 2D). These neurites are also positive for the dendritic marker MAP2 ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). This result suggests a crucial role for Wnt proteins in the establishment of axonal polarity. As Iwp-2 suppresses the secretion of all Wnt proteins, including non-canonical Wnts, we treated neurons with Iwp-2 in combination with recombinant Wnt3a, to address whether canonical Wnt signaling specifically can rescue the mislocalization of Tau by Iwp-2. In neurons treated with Wnt3a alone, accumulation of Tau in the cell body (blue arrows head) or multiple axons could be observed (red arrows heads) and indeed Wnt3a rescues axon formation in Iwp-2-treated neurons to the level of Wnt3a, confirming the effect of Wnt3a on neuronal polarity ([Figures 2](#fig2){ref-type="fig"}C and 2D). Neurons treated with Dkk1, a specific antagonist of Lrp6 that activates the canonical Wnt signaling, show a similar phenotype to those treated with Iwp-2, namely, a loss of Tau specificity and mislocalization to MAP2-positive neurites ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). Together these results indicate an important role for localized activation of canonical Wnt signaling on neuronal polarity and axonal outgrowth at early stages of neuronal development. We therefore aimed to dissect the specific role that Wnt signaling plays in neuronal polarity and early axonal guidance, which is challenged by the complexity of the pathway, primarily the broad range of Wnt ligands and their receptors, as well as the cross talk between canonical and different non-canonical downstream pathways ([@bib26]). To meet these challenges, we adopted simplified methods to further address specifically the role of canonical Wnt signaling as a local and directional cue regulating neuronal polarity and axonal growth.Figure 2Localized Wnt3a Determines Axonal Formation and Positioning(A) Schematic representation of the mode of action of Iwp-2. Iwp-2 blocks Porcupine-mediated lipid modification and consequently the secretion of Wnt proteins.(B) Div0 neurons were either left untreated or treated with Iwp-2 (1 μM). Neurons were fixed at Div4 and stained for Wnt3a. Neurons were counterstained with Phalloidin (actin filaments; red) and DAPI (nuclei; blue) (upper panels: merged picture; lower panel: inverted gray-scale channel of the endogenous Wnt3a) (scale bar, 10 μm). Wnt3a accumulates peri-nuclear after treatment with Iwp-2 (upper panel), and the staining is decreased in the axon (lower panel) (scale bar, 10 μm).(C) Neurons were either left untreated or treated at Div0 with Iwp-2 alone, Iwp-2 (1 μM) + Wnt3a (40 ng/mL), or Wnt3a alone. At Div2 neurons were fixed and stained for Tau and counterstained with DAPI. Upper panel: merged staining of Tau proteins (green) and nuclei (DAPI; blue). Lower panel: inverted gray scale of intensity of the antibody staining against Tau. Experimental conditions from left to right: untreated neurons, neurons treated with Iwp-2 alone, Iwp-2 in combination with recombinant WNT3a, and recombinant WNT3a alone. Pictures show representative results of at least three independent experiments (scale bar, 10 μm). Red arrowheads indicate multiple axons; blue arrowheads indicate Wnt retention of Tau in the cell body.(D) Graph representing the percentage of cells with axonal localization of Tau in each quantified picture normalized to the number of nuclei present in the analyzed field (\*\*\*p \< 0.005, n = 20, mean (S.E.M) values are shown).(E) Div0 neurons were seeded on a micro-patterned coverslip containing either a pattern of fluorescent BSA (control) or a pattern containing a mix of recombinant Wnt3a protein with BSA. The patterns are indicated by the white boxes. Neurons were fixed on the coverslip at Div2 and stained for Tau (green), and nuclei were counterstained with DAPI (blue). Upper panel: representative pictures of neurons on the control pattern. A montage of single neurons was made with ImageJ. Lower panel: representative pictures of neurons on the Wnt3a pattern. Pictures show representative results of at least three independent experiments (scale bar, 10 μm).(F) Axon positioning of the neurons in (E) were divided into three categories: no effect, axon specification, and axon specification and guidance. Neurons are stained for Tau (green) and nuclei counterstained with DAPI (blue).(G) Percentage of neurons belonging to different categories on BSA or Wnt3a + BSA patterned coverslips (n = 30, \*\*\*p \< 0.0001, mean (S.E.M) values are shown).

Wnt Signaling Guides Axon Position and Growth {#sec2.3}
---------------------------------------------

Extracellular signals are known to guide emergence of axons both *in vitro* and *in vivo* ([@bib5]). Wnt proteins can bind to extracellular matrix proteins and serve as extracellular signals ([@bib33]). To investigate whether spatially localized Wnt proteins could guide axon emergence in developing neurons, we studied axonal outgrowth on micropatterns coated with Wnt3a. Neurons were seeded at Div0 on coverslips in which either BSA (control) or BSA together with recombinant Wnt3a were grafted in specific regions, whereas the remaining area of the coverslip was covered with poly-L-Lysine ([Figure 2](#fig2){ref-type="fig"}E). Forty-eight hours after seeding, the neurons were fixed and divided into three categories based on the position of the axon: (1) neurons contacted the BSA or Wnt3a micropatterns but did not form axons on these patterns; (2) axons contacted the micropatterns but continued to grow out of this region; (3) axons formed and grew along the area of the micropattern ([Figure 2](#fig2){ref-type="fig"}F). In both conditions, BSA alone or in combination with Wnt3a, approximately 35% of neurons showed axon specification on the micropattern but no axon guidance (category 2), which can occur when unspecified neurites detect a relative change in the substrate composition ([Figure 2](#fig2){ref-type="fig"}G). However, on the BSA-coated coverslips, less than 10% of the axons were guided by the micropattern (category 3). In contrast, in the Wnt3a-grafted micropatterns, 57% of the neurons (n = 30) positioned their axon and were guided by the pattern geometry compared with 16% (n = 47) in control ([Figures 2](#fig2){ref-type="fig"}E and 2G), suggesting that, in unpolarized neurons, extracellular Wnt3a determines axon formation and guides axonal outgrowth. Together these results show that a local source of Wnt3a can act as an external cue to control the axon specification and formation. Such an external asymmetric source of Wnt can be represented by Wnt bound to the extracellular matrix or delivered by other cells, e.g., glia cells or other neurons. These could locally contact the unpolarized neuron and deliver Wnt to one particular neurite thereby inducing pathway activation and consequently determining axonal outgrowth.

Wnt Function as Early Axonal Guidance Cue {#sec2.4}
-----------------------------------------

Wnt proteins form instructive gradients within the central nervous system and have a fundamental role in maintaining progenitor cells and promoting neurogenesis ([@bib24]). To address the role of Wnt3a gradients in axonal growth, we used a compartmental microfluidic chamber (MFC) ([@bib31]). The chamber is composed of a proximal compartment in which the neurons are seeded and a distal compartment. The two compartments are connected by a set of microchannels, allowing the formation of a gradient-based cue of signaling molecules ([Figure 3](#fig3){ref-type="fig"}A). We seeded Div0 neurons in MFCs containing either a control-conditioned medium (Ctr-CM) or Wnt3a-conditioned medium (Wnt3a-CM) in the distal compartment. First, we tested whether a proliferative effect of canonical Wnt signaling might bias the comparison of axonal growth in the MFCs. We compared the number of cells between the MFCs containing Ctr-CM and Wnt3a-CM. We found that Wnt3a-CM in the distal compartment did not affect cell proliferation, as the number of cells (defined by nuclei/area) was not different between the two conditions at Div3 ([Figure 3](#fig3){ref-type="fig"}B). Furthermore, we observed the clustering of the Wnt co-receptor Lrp6 at the tip of the growing axons (75% of neurons analyzed; n = 12), suggesting a local activation of the canonical Wnt pathway at the axonal tip ([Figure 3](#fig3){ref-type="fig"}C). Other components of the Wnt pathway, e.g., β-catenin and Gsk3β, are also enriched at the axonal tip ([Figure 3](#fig3){ref-type="fig"}D). Next, we examined whether a spatial gradient of canonical Wnt3a ligands influences axonal growth. We compared the axonal length of neurons seeded in control or Wnt3a containing MFCs and revealed a significant increase in the axonal length in neurons exposed to the Wnt3a gradient ([Figures 3](#fig3){ref-type="fig"}E and 3F). When neurons where exposed to a reverse gradient, by adding Wnt3a-CM in the proximal side, axons were no longer growing in the distal compartment ([Figure S4](#mmc1){ref-type="supplementary-material"}A), indicating a role of Wnt3a as a directional guidance cue. To verify whether the increased axonal growth is dependent on the activation of canonical Wnt signaling and more specifically on Lrp6, we applied Dkk1 ([Figure 3](#fig3){ref-type="fig"}G). Notably, addition of Dkk1 to the Wnt3a-CM in the distal compartment of the MFC strongly reduced axonal growth compared with neurons treated with Wnt3a alone ([Figures 3](#fig3){ref-type="fig"}H and 3I). Importantly, the addition of Dkk1 in the proximal compartment does not affect Wnt3a-induced growth ([Figure S4](#mmc1){ref-type="supplementary-material"}B), suggesting once again the directional effect on axonal guidance by canonical Wnts. Considering that Wnt3a guides axon growth between its application on Div0 and measurement at Div3 ([Figures 3](#fig3){ref-type="fig"}E and 3F) we further examined whether the same occurs during earlier developmental stages, and indeed we could observe its effect in Div0 to Div2 and Div0 to Div1 ([Figure S4](#mmc1){ref-type="supplementary-material"}C). Therefore, in addition to its involvement in axon establishment and positioning, Wnt3a is a spatial cue that attracts and promotes axonal growth. Gradients of Wnts have been shown to guide commissural axon growth in the spinal cord ([@bib2]). These experiments revealed the function of Wnt3a as a directional and instructive cue for axonal outgrowth. How might Wnt act as a guidance cue? The role of canonical Wnt proteins as guidance cue likely involves its downstream effectors, e.g., APC and Gsk3β, that can directly control microtubule stability ([@bib28]), the first step in axonal establishment and growth ([@bib17], [@bib32], [@bib36]). Alternatively, the local availability of β-catenin could bias the axon to growth in a directional fashion as it is important for the local cross talk of microtubules and actin ([@bib23]). In addition, β-catenin is a direct interacting partner of N-cadherin, which plays an important role in the first asymmetric events in neurons ([@bib12], [@bib13]). However, further investigation would be necessary to reveal the role of β-catenin in this context. The guidance effect of Wnt3a is mediated by the co-receptor Lrp6 ([Figure 3](#fig3){ref-type="fig"}). Recently, it has been shown for commissural axons that Lrp6 has a role in axonal guidance ([@bib2]). Here, we could show that Lrp6 is necessary for axonal growth in hippocampal neurons and likely functions as a co-receptor of Wnt ligands.Figure 3Canonical Wnt Signaling Regulates Axonal Outgrowth(A) Schematic representation of a two-compartment microfluidic chamber (MFC) used in the study (upper scheme). The lower scheme represents the imaged area (1) with the two compartments, in one compartment (proximal) neurons are seeded in the other compartment (distal) either control-conditioned medium or Wnt3a-conditioned medium is added.(B) Graph representing the number of neurons per 100 μm^2^. Neurons were stained with DAPI, and the number of cells was determined by counting the nuclei. The graph shows the average cell number of three independent experiments (n \> 50, n.s., not significant, mean (S.E.M.) values are shown).(C) Neurons were fixed at Div3 and subjected to immunofluorescence staining using antibodies for LRP6 (magenta) and Tau (green). Picture shows LRP6 accumulation at the tip of the axonal growth cone. Left: merged picture of the LRP6 staining and Tau staining. Right: Inverted gray scale of the LRP6 staining. Pictures show representative results of three independent experiments (scale bar, 10 μm).(D) Neurons in the MFC were fixed at Div3 and subjected to immunofluorescence staining using antibodies for Tau and either β-Catenin or Gsk3β. Left: merged picture of the β-Catenin (magenta) and Tau (green) staining. Middle left: Inverted gray scale of the β-Catenin staining. Middle right: merged picture of the Gsk3β (magenta) and Tau (green) staining. Right: inverted gray scale of the Gsk3β staining (scale bar, 10 μm).(E) Div0 neurons were seeded in the proximal compartment of the microfluidic chamber; the distal compartment was filled with either control-conditioned medium (left) or Wnt3a-conditioned medium (right). Axons were allowed to grow for 3 days. Afterward, neurons were fixed, stained with antibodies against Tau, and nuclei were counterstained with DAPI. Pictures show representative results of at least three independent experiments (scale bar, 50 μm).(F) The graph shows the average axonal length of the neurons described in (E) (n \> 30, \*\*\*p \< 0.005, mean (S.E.M.) values are shown).(G) Schematic representation of the Dkk1-mediated inhibition of Wnt binding to its co-receptor Lrp6.(H) Div0 neurons were seeded in the proximal compartment of the microfluidic chamber, the distal compartment was filled with either Wnt3a-conditioned medium (left) or Wnt3a-conditioned medium supplemented with Dkk1 (right). Axons were allowed to grow for 3 days. Afterward, neurons were fixed and stained with antibodies against Tau and nuclei were counterstained with DAPI. Pictures show representative results of at least three independent experiments (scale bar, 50 μm).(I) The graph shows the average axonal length of the neurons described in (H) (n \> 30, \*\*\*p \< 0.005, mean (S.E.M.) values are shown).

Wnt Controls Microtubules Remodeling {#sec2.5}
------------------------------------

Wnt can modulate axonal changes via microtubule re-organization ([@bib28]). We observed that Wnt3a has the ability to induce multiple axons, which is also a characteristic phenotype observed by treatment with Taxol ([Figure 1](#fig1){ref-type="fig"}A). Hence, we tested whether Wnt3a can directly affect microtubule dynamics during axon specification. To address microtubule dynamics, neurons were transfected with a GFP-MT + Tip construct (GFP-MACF43) and imaged with a spinning disk microscope ([Figure 4](#fig4){ref-type="fig"}A). Time-laps movies show that neurons treated with recombinant Wnt3a have a higher number of anterograde comets compared with the control ([Figure 4](#fig4){ref-type="fig"}B, red arrows retrograde comets, blue arrows anterograde comets). To confirm these results, kymographs from three different independent experiments were analyzed and the number of anterograde and retrograde comets per neurite per cell was determined ([Figure 4](#fig4){ref-type="fig"}C). Although the total number of comets per cell does not change (data not shown), the number of anterograde comets is increased in Wnt3a-treated neurons compared with the control ([Figure 4](#fig4){ref-type="fig"}D). These results suggest that Wnt induces plus-end out oriented (anterograde) microtubules, a critical event in axon formation ([@bib34]). Furthermore, kymograph analyses of the axon ([Figure 4](#fig4){ref-type="fig"}E) show that comets of Wnt3a-treated neurons are increased in duration ([Figure 4](#fig4){ref-type="fig"}F) and run length ([Figure 4](#fig4){ref-type="fig"}G), whereas the velocity is unchanged ([Figure 4](#fig4){ref-type="fig"}H). These results suggest that Wnt3a signaling shifts the axon microtubule growth dynamics by stabilizing anterograde polymerization in the emerging axon. Consistently, Wnt3a has been shown to affect microtubule directionality at the axonal growth cone ([@bib27]). Inhibition of endogenous Wnt secretion by Iwp-2 did not alter overall anterograde/retrograde microtubule growth balance in Div1 neurites ([Figures S5](#mmc1){ref-type="supplementary-material"}A and S5B), whereas in emerging axons it induced longer time duration but slower growth rate of anterograde comets ([Figures S5](#mmc1){ref-type="supplementary-material"}C--S5E). Although addition of Wnt3a induced a more effective growth (comets lasted longer and grew faster compared with the control), the inhibition of Wnt secretion did not lead to a complete opposite effect on microtubule dynamics at this stage; however, it did induce a slower growth rate of microtubules. One possible explanation to this is that the depletion of endogenous Wnt secretion in this early stage of axon development (Div 1) stabilizes the neurites at a premature state of axon development, hence the overall similarity to microtubule dynamics in control condition, whereas excess of Wnt3a accelerates the development of neurites into mature axons by enhancing anterograde microtubule growth.Figure 4Wnt Influences Axonal Outgrowth by Changing Microtubule DynamicsNeurons were transfected at Div0 with GFP-MACF43 (GFP-MT + End) and imaged at the spinning disk microscope at Div1 at 1 frame per second.(A) GFP-MT + End overexpressing neuron at Div1.(B) Time lapse of retrograde (blue arrowheads) and anterograde (red arrowheads) comets in neurites of untreated neurons (upper panel) or neurons treated with Wnt3a (lower panel).(C) Representative kymograph of anterograde and retrograde comets of a neurite.(D) Quantification of the number of retrograde comets in all neurites (n = 20, \*\*p \< 0.01, mean (S.E.M.) values are shown).(E) Representative kymograph of comets in the axon.(F--H) (F) Quantification of duration, (G) run length, and (H) velocity of the comets (n \> 20, \*\*\*p \< 0.005, mean (S.E.M.) values are shown).

Based on our results, we propose a model by which the local accumulation of canonical Wnt proteins such as Wnt3a and consequently the local activation of the canonical Wnt pathway controls axonal specification and outgrowth. Although the importance of non-canonical Wnt signaling via the PAR-aPKC complex in these processes is well established (reviewed in ([@bib16])), we show that Wnt3a gradients serve as axonal guidance cue through the Wnt co-receptor Lrp6. It would be interesting to address whether other canonical Wnt proteins act in the same manner and furthermore which Frizzled receptors are involved in the observed Wnt3a-mediated effects. Notably, the effects of Wnt3a on axon formation and guidance we observed mimic those of neurotrophin ligands ([@bib25]). Neurotrophin signaling inhibits Gsk3β via PI3K/Akt activation and phosphorylates β-Catenin to promote axon growth in hippocampal neurons ([@bib8], [@bib9], [@bib19]). This could suggest a synergistic or additive effect for canonical Wnt and neurotrophin gradient in the guidance of axon development. In summary, the findings we presented reveal an unexplored function of the canonical Wnt pathway in the regulation of neuronal polarity and early stages of axon guidance. This opens up an interesting biological aspect of the canonical Wnt pathway at different levels of neuronal development.

Limitations of the Study {#sec2.6}
------------------------

Our findings suggest a fundamental role of canonical Wnt signaling in the establishment of neuronal polarity. However, in this study we were not able to distinguish between cell-autonomous and non-cell-autonomous Wnt signaling. Solving this issue would be important to gain better insight on the role of Wnt as a symmetry breaking signal. A systematic screening of different Wnt molecules and Wnt receptors would be helpful to understand to which extent specific Wnt ligands or Wnt receptors contribute to neuronal polarity. All experiments were performed *in vitro* on primary neuron cultures. Hence, it would be very important to confirm effects of canonical Wnt signaling on neuronal polarity also *in vivo*, e.g., by using tissue-specific knockout animals or knockin models in which Wnt endogenously tagged.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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